ABSTRACT Calorimetric measurements have been made on the thermodynamics of the chain-melting phase transition of saturated diacylphosphatidylethanolamines, with chains containing 12-20 carbons, as a function of water content. The transition temperature, Tt, and the transition enthalpy, and entropy all decrease with an increase in water content; however, the effect on T, lessens with an increase in chainlength. These results are compared with a theoretical description of lipid hydration in terms of the interlamellar water polarization (i.e., modified water structure) in the interbilayer region. The measured free energy, enthalpy and entropy of the transition and the transition temperature have an approximate hyperbolic tangent dependence on water content, tanh (dw/2 t), where dw is the interlamellar water-layer thickness and t -0.25 nm is the water-order correlation length, in agreement with the theory. Auxiliary x-ray diffraction experiments yield results on the repulsive hydration forces between lipid lamellae consistent with the theory, and allow an estimate of the water orienting potential of the interface. The molecular origin of this potential is discussed in electrostatic terms, and the values of its associated molecular parameters are found to yield the right size of hydrational thermodynamic quantities. The theory thus provides an integrated, clear, and simple approach to the hydration properties of lipid membranes.
INTRODUCTION
The interaction of water molecules with the lipid polar head groups is one of the fundamental aspects of biological membrane assembly (see, e.g., reference 1). Experiments with phospholipid model membranes have shown that the degree of head group hydration affects both the membrane structure and dynamics (2) . The molecular packing and chain organization (3) , as well as the bilayer topography (4) , and the interaction between bilayers (5-7) depend on the amount of water associated with the lipids. The chainmelting phase transition (8) (9) (10) (11) (12) , lateral diffusion constant (13) , and transformational to nonbilayer phases (11, 14) are also all dependent on water content.
Most of these previous hydration studies were performed with phosphatidylcholines only and, in addition, the physico-chemical behavior has only seldom found a quantitative theoretical description (15) (16) (17) (18) . Here we investigated the effects of head group hydration on the thermodynamics of the chain-melting phase transition of phosphatidylethanolamine bilayers and on the bilayerbilayer interaction forces. A theory based on polarization of the water molecules by the lipid head groups is presented and is shown to be capable of explaining both the thermodynamic data and the hydration forces. This theory, which was monitored. The sample was sealed at the moment at which the water mass (corrected for the evaporation losses occurring during the manipulation) gave the desired water/lipid ratio, n.. The accuracy of ni and its reproducibility was ±0.25 H20/PE. An exception was the sample with n. < 1, for which repeated experiments often differed from previous ones, and complex results were found.
When the calorimetry was completed, part of the lipid was used for purity control while the remainder was transferred to the x-ray specimen holder. Here the lipid was compressed between two mica plates that were sealed with a Teflon spacer. Comparison of the calorimetric and x-ray transition temperatures indicated that no substantial water loss took place during this transfer. Some samples were preheated to T ' 100°C for > 10 min before they were used for calorimetry. Such procedures affected only the first few temperature scans.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) experiments were performed with a DSC-2 calorimeter (Perkin-Elmer Corp., Instrument Div., Nor- walk, CT). Large volume, stainless-steel pans were used with an empty reference pan, except in the case of samples with excess water for which 50 lA of bidistilled water was used as a reference. The heating (and cooling) rates were 1.25 and 2.5 K-min-' with a heat flow of 0.24 mJ * s-'. At least two independent experiments were made for each value of n,,, with a minimum of five cycles between (Tt-20)OC and 100 -1 200C for each sample. The average values of all reproducible scans were used in determining transition enthalpies, AH,, and transition temperatures, T,.
Transition enthalpies were obtained by measuring the area under the excess heat vs. temperature curves by paper weighing and the corresponding molar values were calculated from the known lipid masses.
X-ray Diffraction
Measurements were made with samples previously scanned by DSC. A Guinier camera operating under reduced pressure (2.5 . 103 N * m-2) with a bent quartz crystal monochromator (R. Huber, 8211 Rimsting, Federal Republic of Germany) was used. The monochromator was set to isolate the CuKa, line (A = 0.15405 nm). The camera was modified so as to permit continuous temperature scanning (0.1 K * min-'). During the experiment the temperature of the brass sample-holder block was continuously recorded (see reference 19) . Single measurements at fixed temperatures were also performed, if longer exposure times were required.
THEORY
The water binding to the phospholipid polar groups is described in terms of the (orientational) polarization of the water molecules induced by the bilayer surface, as was first done by Marcelja and co-workers (16, 17, 20, 28) . The polarization of the water molecules within the interlamellar space is represented by a function P(x), which varies with distance from one of the two interfacial planes that are located at positions xi = ± d./2 for i -1, 2, respectively. The discrete nature of the orienting field is ignored and is replaced by its effective average (volume) density, Fp(x). This effective field is the sum of all short-range electrostatic, dipolar, hydrogen bonding, and other contributions from the lipid head groups (2, 31) .
The change in the free energy caused by the partial orientation of the interbilayer water, Gh"(dj) is described by the free-energy terms associated with the water polarization (field), its spatial variation, which accounts for the entropic part, and the coupling between the water polarization and external orienting (polarizing) field, Fp. Formally, this gives, respectively (15, 16, 18) ,
where the parameter x is a measure of the susceptibility of the interlamellar water to the orienting field and t is the correlation length of the water polarization. Eq. I contains all the free-energy terms up to the fourth order.
Profile of the Surface-induced Water Polarization
The requirement for the free energy, Eq. 1, to be minimum leads to the Euler-Lagrange differential equation that determines the profile of the surface-induced order (i.e., of the polarization) of the interlamellar water molecules
The orienting fields of the opposing interfaces are equal in size but opposite in sign. It is assumed that the sources of these fields (the head groups) are confined to surface planes, and since in the absence of net coulombic surface charge they create merely short-range fields, we may
#hyd denotes the interfacial hydration potential of each interface. This boundary condition is physically more realistic (18) than constraining the order parameter at the surface to remain fixed, as was done originally (15) .
The boundary condition for the polarization can then be found by integrating Eq. 2 throughout the volume V, which includes the boundary, and taking the limit V-0 while keeping the surface of the boundary constant. The alternative is to treat the interface as a barrier between media with correlation lengths {, and 42. and then to let I(x < -d/2) = (,(x > d4/2) -0 and t2 -. In both cases the result is dP(x)/dx Ix±tds,/2 = -Whyd 2 (4) which states that the change with distance of the water polarization at the surface is proportional to the interfacial hydration potential and to the interfacial orientational susceptibility of the water molecules.
With the above boundary conditions, the solution of Eq. 2 for the interlamellar water polarization profile is given by P(x) = -[(xhyd/)/cosh (d./2t)] sinh (x/t). (5) We see that for large values of the water-layer thickness, d" >> {, the interfacial water polarization attains a constant value, P(±d./2) = :iX4,hyd/t, which is proportional to the interfacial hydration potential and orientational susceptibility. When the interfacial separation becomes small, d4-0, the interfacial fields screen each other and P( ±d4 -0) = T(X#hYd/t)tanh(dw/24) -0. Hence the expansion implicit in Eq. I does not lead to a divergence at dW -0 and can be used for all values of the interfacial separation. This is illustrated in Fig. 1 
The use of Eq. 5 for P(x), then leads to the expression for the total free energy of hydration of the two similar, mutually interacting bilayer surfaces
where S is the surface area per mole of the mutually interacting surfaces. This total free energy of hydration is the sum of the self-free energy of hydration, GhYd(dW -co) = Gt-, of the isolated surfaces G!Yd = -(xSm&Yd/t) (8) and the hydrational interaction free energy of the two surfaces
Thus, the energy of interaction, Gihyd(d.), gradually approaches the negative value of the self-energy terms, as the interbilayer separation tends to zero. Finally, for dw -0, Gcyd(0) -GCYd and the interactions of the two opposing lamellae exactly cancel, i.e., for a single water molecule embedded between the two lamellae the opposing forces from the two surfaces counterbalance and the molecule remains unbound.
The entropy of hydration can be calculated from the free energy using the standard expression S --(OCG/O). Thus, from Eq. 7 (10) which simplifies for d» >> t to
Similarly, the enthalpy of hydration of the bilayer, Hhyd(dW) Ghd(d,) + TS'(dj), is given by (12) where the enthalpy corresponding to infinite separation is: H,d=G-CYd + T-S.d. 
which uses the condition that the total free-energy change at a first-order transition is zero: AG(T,) = 0. Using Eq. 17, the hydration contribution to the free-energy change at the phase transition is then given by
At the transition temperature of the anhydrous lipid, 71nhY', the condition that the free-energy change is zero gives AH anhyd (Tanhyd) = TanhydAS anhyd (Tanhyd) (19) and then combining Eqs. 18 and 19
Experimentally, it is observed that the lipid-specific heats are approximately equal immediately above and below the transition temperature, and further that the specific heats and their temperature dependence are similar for different lipids on a reduced temperature scale (29, 30) . Under these circumstances, the temperature dependence of AH and AS may be neglected, i.e., AJanhyd (nhYd) =A hYd(T,) and ASanyd (7Pnhyd) -A,afhY (T,), (a similar result is also obtained if it is assumed that the specific heat is not temperature dependent). Hence, from Eq. 20 the hydration-induced shift in transition temperature is given by AT,Y (n.) = (T, -TtnhYd) = AGhYd(n )/ StnhYd (21) where AS'h-d is the transition entropy of the anhydrous bilayer. Hence, the transition temperature shifts are calculated from Eqs. 16, 21. Because AS)III' increases with increasing chainlength, the shifts will be less for the lipids with longer chains. At the chain-melting transition, the area/lipid molecule increases: ASLt > 0, since the fluid chains are more expanded. The affinity of the head groups for water should also increase at the transition, A#,bd,t > 0, because the polar residues then become more exposed. Because Ghyd(nw) < O (cf. Eq. 7) and the second term in Eq. 16 is always smaller than the first, the transition temperature of the hydrated bilayers is always lower than that of the anhydrous lipid, i.e., A7,Yi < 0. 
Differential Scanning Calorimetry
Cooling scans gave the simplest endotherms, presumably because of the known metastability and tendency to dehydrate of the phosphatidylethanolamine gel phase (21) . If, however, the heating run was initiated close to the chainmelting transition, immediately after termination of the cooling run, reversibility was observed, indicating a conditional equilibrium, except at very low water contents. For longer chainlengths, any metastability is far less marked, but to minimize interference from these efffects, cooling data are presented throughout unless otherwise noted. Calorimetric curves for DLPE samples with water/lipid molar ratios ranging from 1 to 15 are shown in Fig. 3 .
Results from samples containing <1 water molecule/lipid were complex and are not included (cf. reference 19). It is possible that the first water of hydration may differ from the subsequent ones in its thermodynamic effects and binding.
Addition of water to the lipid, which was assumed to be originally the monohydrate, produces a gradual shift of the major calorimetric endotherm to lower temperatures. Besides this chain-melting transition, another transition or transitions of lesser enthalpy were regularly seen at higher temperature in the low hydration region (see Fig. 3 ). As discussed in detail elsewhere (14) , these smaller endotherms, which -in contrast to the major endotherm shift upwards in temperature with increasing hydration, correspond to transitions from the lamellar to the inverted hexagonal or other nonlamellar states. For the intermediate states of hydration, the major endotherm had a complex shape, revealing the presence of several unresolved transitions, presumably corresponding to states of differing hydration. In the low hydration region, these multiple peaks appeared to be roughly equidistant. This increased breadth and structure of the transition is generally expected since water is a true second component and thus the transition is not isothermal but occurs via a two-phase region in accordance with the phase rule.
The transition temperatures, T,, of the major endothermic peaks are plotted as a function of water content in Fig.  4 , for phosphatidylethanolamines with chainlengths ranging from C-12 (DLPE) to C-20 (DAPE). The stepwise nature of the transition shifts at low water is clear from Fig. 3 and also from Fig. 8 , especially for the case of DLPE (see particularly the heating points of Fig. 8 ). As the phospholipid chainlength increases, the hydration-induced shifts become smaller, which is to be expected since the contribution of the chains becomes relatively more important. The transition temperature shifts reach a limiting value at a water content of -7 waters/lipid, which is within experimental error independent of the phospholipid chainlength. This latter is also to be expected since the water molecules interact primarily with the phospholipid head groups and not with the chains. The total hydrationinduced transition temperature shifts, AT'XP, for each chainlength are given in Table I , together with corresponding theoretical estimates calculated using Eqs. 16 and 17.
The total enthalpy, AHI, of the chain-melting transition decreases with increasing hydration, as indicated in Fig.  5 a for phosphatidylethanolamines of three different chainlengths. The decrease is initially rapid at low water content and then asymptotically approaches a limiting value at -7 waters/lipid molecule. Nearly the same form of the water dependence is observed for the different chainlengths, although the absolute values of AH, are, of course, larger for the longer chainlengths. Very similar results are found for the water and chainlength dependence of the transition entropy, AS, =AHI/T,, which is plotted in Fig. 5 b. The water dependence could be even somewhat larger than indicated in this figure, due to the possibility that some of the enthalpy may be hidden in the baseline of the broad transitions observed at low water contents.
The fact that very similar hydration profiles of the transition enthalpy are obtained for the different chainlengths indicates that the measurements are little affected by possible metastability of the low temperature phase, since this is known to be insignificant for the longer chainlength phosphatidylethanolamines (19) . In addition, the absolute values of AH, are considerably lower than observed for transition to a crystalline phase (19, 21) . For the shorter chainlength PEs, the bilayer gel phase (L,) is metastable, transforming on incubation to a crystalline phase (Lj) (see reference 21). However, the regularity of the data with increasing chainlength suggests that in all cases we are studying the equilibrium hydrational proper- ties of the gel-to-fluid bilayer phase transition, even though the former phase may be only conditionally stable for the shorter chainlengths. The complete chainlength dependence of the transition enthalpy and the transition entropy for samples at greater than limiting hydration (n, S 7), and for samples at low water content close to the monohydrate (n, -1), is given in Fig. 6 . Both AH, and AS, increase approximately. linearly with increasing chainlength, as discussed previously for the fully hydrated state ( 14) . The chainlength dependences are almost parallel for the fully hydrated and low hydrated states, although a slight difference in slope cannot be excluded within the experimental error. The incremental transition enthalpy, OAHl/Onc, is 4.66 ± 0.55 kJ/mol/CH2 (1.1 ± 0.13 kcal/mol/CH2) for n, 5 7, and 5.25 ± 2.1 kJ/mol/CH2 (1.25 ± 0.5 kcal/mol/CH2) for n, -1. The incremental transition entropy, aAS1/onc, is 11.8 ± 1.5 J/mol/K/CH2 (2.8 + 0.37 cal/mol/K/CH2) and 13.5 ± 6 J/mol/K/CH2 (3.2 + 6 cal/mol/K/CH2) for nw S 7 and nw -1, respectively.
As a measure of the hydration contributions to the transition enthalpy and transition entropy, the values for the hydrated states are considered relatively to the values nm. The interlamellar water-layer thickness was calculated from these long spacings according to: dw = d(nw S 7) -d(nw -1, 2) + 0.1 nm, where the additional 0.1 nm corresponds to the contribution of the residual water in the low hydration state at T < T,. This water-layer thickness was thus found to be: dw(T < Tt) -0.5 ± 0.4 nm below the chain-melting transition, and dW(T > T7) 1.2 ± 0.08 nm above the transition. The short spacings measured below the chain-melting transition were -0.42 nm, and the molecular area calculated from this chain-chain spacing was found to be SL(T < Tt) -0.41 nm2 for all PEs studied.
The area/molecule above the transition was taken from reference 19 to be SL(T > T,) -0.55 nm2. The limiting hydration numbers corresponding to these values for DLPE are nwL(T < Tt) -3.5 ± 3 H20/PE below the transition, and nwL(T > T,) 11 ± 1 H20/PE above the transition, the former being biased towards lower limiting hydration due to the known metastability and tendency to dehydrate of the short chainlength PEs (see reference 19) .
The dependence of the measured water-layer thickness on water content for DLPE in the fluid phase was used to determine the bilayer-bilayer interaction forces using the methods of references 5-7. The water activity corresponding to the various water contents, required for this calculation, was obtained from the adsorption isotherms of reference 22. The accuracy of the determinations is limited by the difficulty in correcting the adsorption isotherms to a reduced temperature scale. Furthermore, the presence of several x-ray reflections that did not correspond to lamellar phases, particularly at lower water contents, seriously hampered the interpretation of the results. Therefore, the results were analyzed only pver the range of higher water contents: nw . 5-9. The best fit through the data points for the fluid phase of DLPE yielded an approximately exponential decrease in the interbilayer repulsion, with a waterorder correlation length: 4 -0.25 ± 0.05 nm, which had little temperature dependence to within our experimental accuracy. Assuming that the bilayer repulsion is written as: p'Y (dw) = p0. ecd/4, the extrapolated value at the surface was: po = 10 ± 1) I 107 N . m-2 for the fluid phase. A similar result was also obtained by assuming a fixed area/molecule: SL -0.48 nm2, in order to use the water content, nw, to calculate the water-layer thickness, dw, and then combining this with the adsorption isotherm from reference 22. Below the transition, the presence of additional x-ray reflections and a lack of the relevant adsorption isotherm data precluded a similar analysis of the bilayer-bilayer interaction forces. Instead the hydration contribution to the total force was calculated from the equilibrium waterlayer thickness at full hydration. It was assumed that the Hamaker constant was the same as that determined from the DLPE fluid phase data: H(T > Tt) -24.10-21 J, in order to evaluate the contribution from the van der Waals interaction (see references 5-7). The effective value for the hydration repulsion at the bilayer surface was thus estimated to be 6.6 * 106 N . m-2 < po < 5.2 *107 N * m-2 for DLPE below the chain-melting transition. More details of the x-ray diffraction measurements on phosphatidylethanolamines have been published elsewhere (19) .
DISCUSSION
The results of Figs. 3 and 4 and particularly the heating data in Fig. 8 suggest a stepwise hydration of the phosphatidylethanolamine molecules, whereby each of the various calorimetric peaks correspond to the chain melting of bilayer regions in which the degree of hydration differs by one water molecule per lipid. Similar results have recently been observed also for phosphatidylcholines (12) . From Fig. 6 . Furthermore, the slope of the water dependence of the transition temperatures in Fig.  4 decreases with increasing chainlength, approximately proportional to 1 /AnbYd as predicted by the perturbation treatment of Eq. 21. This can be seen also from the chainlength dependence of the calculated theoretical shifts in Table I . The water dependence of the thermodynamic properties of the phosphatidylethanolamine chain-melting transition can be described very well by the model given above. The hydration dependence of AG Yd, A_bYd, and AShyd for DPPE (Fig. 7) The water-ordering model presented in the Theory section is thus capable of describing the functional form of the water dependence of the chain-melting transition for phosphatidylethanolamines, even down to very low water contents. The characteristic correlation length for the water polarization is essentially the same as that estimated from our x-ray diffraction experiments and from those of others (6) . Further comparison with the diffraction results also allows a check on whether the magnitudes of the thermodynamic shifts are consistent with the observed hydration forces. From the measured bilayer-bilayer repulsion together with the correlation length 4 -0.25 nm, it can be estimated that 2.1 10-'3 N _< XIpYd(T < T,) < 1.6 -10-12 N below the transition, and X1I2 Yd(T > T,) > 3.1 -10-12 N above the transition. Hence, assuming X -8. 8 10-12 N, the change in the bilayer hydration potential at the phase transition is 0.33 < A1,Lhyd,t/lAhyd C 1.16, and the expansion in area/molecule is ASLt/SL -0.25, as found from the x-ray measurements. From Eq. 16 these values give the following estimate for the total hydration contribution to the transition free energy: -6.3 kJ * mol-' AG j< -2.9 kJ * mol-', which is in good agreement with the experimental value for DPPE deduced from Fig. 8 Hence, the term 04/oT, the quantitative behavior of which is to date completely unknown, must be the main determinant of AShyd. If we for the sake of simplicity assume that the sum of all temperature variations of parameters other than 4 is negligible, we may then get 1 (c4/07) fromz SStY /AGtY; it is -1.6 ± 0.8 * 10 K'
The use of the electrostatic model also allows an estimation of the interfacial hydration potential and its associated molecular electrostatic parameters, such as up and Tp. Taking (23) . Our values must be considered as rough upper limits; they differ from the simulated values in the case of up by roughly one order of magnitude, a fact that is also apparent in the total values of GhYd quoted in Table II , and possibly reflects the limited quantitative predictive power of quantum-chemical models for bilayers and/or the effect of the use of the linearized theory (31 ).
Although we have ignored the possible chainlength dependence of the hydration effects (since it is within our experimental error), it can be introduced by allowing the hydration potential to be chainlength dependent. This essentially would be the effect of minimizing the total bilayer energy, including both water and lipid chains. Empirically, the chainlength dependence can be allowed for by extrapolating the chainlength dependence to the chainlength, n°, at which the AHt or AS, of the anhydrous lipid become zero (cf. Fig. 6 ). The extrapolation assumes that the nonhydrated head groups contribute relatively little to the thermodynamics of the transition, as evidenced by the fact that the differences in Alt and ASt between the different phospholipid classes are very small compared with the effects of differing chainlength and/or hydration (cf. Fig. 5 and reference 25) . The contribution of the chains alone thus becomes zero at n°, i.e., this is the true chain end effect. From Fig. 6 n°-5-6, and at this chainlength the values of AHI and AS, at excess water are solely those due to hydration, and are close to those previously estimated.
In conclusion, the theory presented not only describes the water dependence of the calorimetric properties of the phosphatidylethanolamine chain melting, but also accurately predicts the order of magnitude of the hydrationinduced effects. A consistent interpretation of the macroscopic calorimetric results with the x-ray data, which are obtained at the molecular level, is provided by the theory. 
